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Abstract
The Regional Carbon Sequestration Partnership (RCSP) Program of the U.S. Department of Energy National Energy Technology 
Laboratory has formed a Water Working Group (WWG) to advance the knowledge of water management and carbon capture and 
storage (CCS) issues. The WWG’s goal is to identify and investigate innovative solutions to these water and CCS challenges. 
The WWG is focusing on water-related issues common to all of the RCSPs as well as those specific to each region of the United 
States. This paper describes the water/CCS framework being developed and implemented by the WWG through the RCSPs. 
© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of GHGT.
Keywords: water–CCS; extracted water use
* Corresponding author. Tel.: +1-701-777-5430; fax: +1-701-777-5181.
E-mail address: rklapperich@undeerc.org
© 2014 Energy & Environmental Research Center, University of North Dakota. Published by Elsevier Limited. This is an open access 
article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
 Ryan J. Klapperich et al. /  Energy Procedia  63 ( 2014 )  7162 – 7172 7163
1. Introduction
Many in the scientific community believe that human-induced activity is a significant contributor to observed 
changes in global carbon dioxide (CO2) levels and climate [1]. The process of carbon capture and storage (CCS), 
whereby CO2 is captured from hydrocarbon-based power plants and other point sources and subsequently stored in 
deep, saline water-bearing rock formations, represents a promising mitigation strategy [2]. Currently, the U.S. 
Department of Energy’s (DOE’s) National Energy Technology Laboratory is researching the technology, 
infrastructure, and regulations necessary to implement large-scale CCS from a regional perspective through its 
Regional Carbon Sequestration Partnership (RCSP) Program, which consists of seven regional partnerships that
cover the majority of continental United States and portions of Canada. One of the working groups formed by the 
RCSPs, is the Water Working Group (WWG), whose goals are to address the concerns of the public and industry 
regarding CCS technology and its potential relationships with water resources. Members of the WWG represent 
different regions of North America, each of which has its own unique set of challenges regarding effective water 
resource management and CCS.
The water issues associated with CCS are primarily associated with water consumption at CO2 sources and water 
production at CO2 storage sites (Figure 1). The capture phase of CCS requires water for the cooling of equipment 
used during the separation and compression processes, as well as for the regeneration of chemical and physical 
solvents/sorbents and related processes. Depending on the type of compression system chosen, water may also be 
used for interstage cooling. These water requirements are in addition to the already large amount of water typically 
needed for power generation, which is exacerbated by the parasitic load that CCS operations can place on existing 
power generation facilities. The amount of additional water and energy required for carbon capture and compression 
depends greatly on the design and size of the system.
During the storage phase of CCS, the primary water management challenge is the volume and quality of 
extracted formation water, if any, that could potentially be produced during storage activities. Presently, large 
amounts of water are produced by the oil and gas industry in the form of formation water that coexists with the 
hydrocarbons in the reservoir. In this situation, valuable hydrocarbons are removed from the water prior to 
reinjecting it into the reservoir or into separate deep, saline water-bearing rock formations. If economically viable, 
this extracted water can be used directly or treated to remove salt and hydrocarbon residues prior to beneficial reuse 
in agriculture, power generation, steam generation, industrial processing, or domestic water supplies [3]. Water 
injection wells for enhanced oil recovery (EOR) or for the disposal of oilfield produced water are regulated as Class 
II injection wells by the Environmental Protection Agency’s (EPA’s) Underground Injection Control (UIC) 
program. Injection of oilfield produced water is often necessary, since the dissolved substances in the brine represent 
a potential hazard to surface water and shallow groundwater [4]. Reinjection of these waters, which involves 
pumping the fluids back into the formation from which they originated or into a formation with similar reservoir 
characteristics and water quality, is the most commonly employed disposal method for these fluids [4]. This 
maximizes the rate at which produced liquid can be disposed while simultaneously minimizing aboveground 
handling and the potential for accidental release. 
It is anticipated that similar practices would be employed for any water extracted as part of CCS storage 
operations. Although not technically necessary for the geologic storage of CO2, formation water may be extracted to 
maximize the efficiency of the storage operation by both increasing the potential volume of CO2 stored in the target 
formation and/or influencing the migration and behavior of injected CO2 [5]. Following the removal of excess salts 
and other constituents, the potential beneficial uses for any extracted formation water are identical to those available 
for water produced during oil and gas operations. This represents a sizeable potential benefit to a wide variety of 
water consumers, particularly in areas that are experiencing stressed water supplies.
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Fig. 1. The nexus of CO2 and water results in water usage at CO2 sources and potential production and beneficial use near storage sites. Blue 
arrows represent water withdrawn from surface water or groundwater sources. Blue arrows also represent water which may be returned to the 
original or a related source. Red arrows represent hot water sent to cooling facilities. Black arrows represent the flow of CO2 through the system. 
Green arrows represent water requiring some management strategy [6].
2. Water and CO2 capture
Currently, a majority of the water used by power plants is provided by surface water and groundwater resources, 
which are also primary sources for agricultural and municipal uses. This competition for water resources, combined 
with the additional water load imposed by CCS operations on power plants, may result in water resource challenges,
particularly in water-stressed areas.
Thermoelectric (fossil fuel-based and nuclear) power generation withdraws 201 billion gallons of freshwater on a 
daily basis (49% of total withdrawals) [7]. When it was last estimated in 1995, thermoelectric power accounted for 
3 billion gallons a day of freshwater consumption (3% of total consumption), which is primarily a result of 
evaporative losses [8]. The U.S. Geological Survey is currently resuming its efforts to update this estimate of 
consumptive use [9]. With the wide-scale implementation of carbon capture (CC) technology, the freshwater 
withdrawals and consumption of the power industry are likely to increase to accommodate the additional cooling 
loads due to parasitic energy use, as well as the energy requirements of several major and minor subprocesses 
associated with the various CC methods. For example, it has been estimated that water consumption at new 
subcritical and supercritical pulverized coal (pc)-fired power plants will be 90% higher with the addition of amine-
based capture systems than the same new plant without CC technology [10].
Natural gas combined-cycle (NGCC) plants, which could also utilize amine-based capture, will experience an 
increase of 76% over those plants without CC processes [10]. Gasification systems will also experience a significant 
increase in water consumption with the addition of the two-stage Selexol process. Gerdes and Nichols [10] estimate 
the increase for new integrated gasification combined-cycle (IGCC) plants will be 45%, with more than half of this 
resulting from the needs of the water–gas shift (WGS) reactor and water-intensive gasifier processes (Figure 2). 
These figures will not necessarily be the same for existing plants that retrofit with new CC technology, as the overall 
power output of the plant will be reduced, resulting in a smaller ratio of water consumption per power produced [10]
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Fig. 2. Comparison of water consumption per net power with and without CCS for typical plant configurations using wet recirculation towers 
(from Gerdes and Nichols, 2009 [10]). FGD stand for flue gas desulfurization. 
The impact of these water withdrawal and consumptive increases may be managed or reduced through a variety 
of strategies. For example, efficiency may be increased by updating equipment or process flow. In addition, water 
use could be reduced through a change in cooling strategy at a given source, e.g., by adding or including dry cooling 
(air cooling) or hybrid (air and recirculating), or perhaps by updating the cooling systems themselves. Further 
reductions may also be possible through the inclusion of degraded (secondary) water sources in the cooling strategy. 
One possible source of degraded water may be extracted formation water from the geologic storage of CO2.
However, as discussed later in this paper, the implementation of this strategy requires that the degraded water 
quality meet the specifications of the cooling water system that is employed by the power plant.    
3. Water and compression/transportation of CO2
Another significant water and energy consumer associated with CCS technologies is the equipment used to 
compress CO2 to supercritical pressure above 72.8 atm or 1071 psia (Tc 88°F)) [11]. The increased water use for 
cooling and associated plant efficiency decrease (again due to the parasitic load) was included in the figures of 
Gerdes and Nichols [10]. Typically, pressures of approximately 2200 psia are utilized, which allow for transport via 
pipeline over distances up to 50 miles without the need for recompression at booster stations. Longer distances are 
possible at higher compression levels. For example, the Dakota Gasification Company plant near Beulah, North 
Dakota, compresses captured CO2 to 2700 psia and transports it via a 205-mile pipeline to an oil field in 
Saskatchewan [12]. Generally, this additional load for compression and associated cooling adds up to approximately 
0.01 gal/kWh of energy produced by the power plant to the plant’s total water consumption [13].
4. Water and geologic storage of CO2
4.1. Protection of surface water and underground sources of drinking water
The primary public concern challenging the CCS industry is that of ensuring that the injected CO2 will remain 
underground and will not migrate toward the surface or into underground sources of drinking water (USDW) or 
otherwise protected waters. Industry experts, however, point to the existing oil and gas reservoirs where the 
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migration of buoyant fluids or gases have been prevented for millions of years [2]. While there certainly are risks 
involved with out-of-zone CO2 migration, specifically dealing with the protection of USDW, both environmental 
regulations and technical methodologies are adapting or have already been put in place to minimize the risk 
involved with deep injection of CO2 and other fluids. Compliance with all appropriate environmental regulations 
should ensure the ultimate success of CCS projects.
CCS projects will typically target formations in which CO2 exists as either a supercritical or dense fluid phase. A 
common guideline for the depth required to produce supercritical conditions is approximately 800 m, although the 
depth will vary depending on the unique pressure and temperature gradient of the surrounding basin as well as on 
site-specific formation or reservoir characteristics. CO2 is contained by 1) physical traps that prevent both upward 
and lateral migration (such as a dome); 2) encountering hydrodynamic flow regimes that oppose or prevent plume 
movement; 3) dissolving into the pore fluids; and 4) adsorbing onto the surface of organic material such as coal. 
Additionally, CO2 is removed from the mobile phase by becoming residually trapped in small pore spaces following 
migration during the imbibition phase or by geochemical reactions which precipitate stable minerals. 
The key to successful geologic storage of CO2 is appropriate characterization of local geology prior to CO2
injection and the establishment of long-term monitoring and verification programs. The design phase of a project 
should follow all UIC permit regulations as administered by the appropriate permitting body. New EPA UIC 
Class VI regulations have been implemented for wells specifically designed for the purpose of geologic storage and 
are separate from those utilized for enhanced hydrocarbon recovery [14]. The new Class VI wells will employ 
similar design and construction standards to those already enforced for Class I (wells for deep injection of hazardous 
and nonhazardous wastes) and Class II wells. New regulations alter requirements for area of review assessment, 
testing for mechanical integrity, and well plugging, and they ensure long-term postinjection monitoring and financial 
responsibility for geologic storage sites [14].
4.2. Extraction of formation water
Actively removing formation water from a storage reservoir, extracting water, as part of a CO2 storage process is 
commonly known as active reservoir management. Active reservoir management is a potential method for 
maximizing the utility of deep saline formations (DSFs) for CO2 storage and thereby reducing some of the 
associated costs. Extraction of formation waters from CO2 storage has the potential to improve reservoir storage 
volumes, aid in management of CO2 plume migration, reduce cap rock exposure to CO2, manage storage reservoir 
pressure, and/or generate a new source of water for a variety of beneficial surface uses. It is expected that in most 
cases any extracted water would be managed through direct injection into an appropriate overlying saline formation. 
However, indirect benefits derived from the treatment and sale of the extracted water may also provide additional 
economic incentives or cost offsets for formation water extraction. 
The quality of extracted formation water varies widely from near-potable to that of potential environmental 
concern. As data from most saline formations suitable for carbon storage is scarce [15], data from produced water 
sources associated with oil and gas production activities can be used as a proxy. 
The quality of formation water produced from depleted oil and gas fields depends on a variety of factors, 
including the reservoir geology of the producing formation, the regional geology, the type of (any) hydrocarbon 
produced, and the production history of the well and associated field. As a result, the qualities of extracted water and 
the associated management strategies vary as much as the geologic conditions from which they originate. Produced 
water may contain a number of constituents that could prohibit its usefulness at the surface, mainly high 
concentrations of salts, trace metals, hydrocarbons, and dissolved organic compounds [16]. Dissolved organics and 
dispersed hydrocarbons are of particular interest since they are difficult to remove [17]. Oil and gas produced water 
may also contain a variety of treatment chemicals; these chemicals often require removal prior to disposal. 
Furthermore, produced water is warm or hot, often around 50°F near the surface in very shallow wells to over 300°F 
in deep wells or in areas possessing a high geothermal gradient. Advances in geothermal technology have turned this 
hot produced water into a potential form of renewable energy [18].
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5. Water management strategies
Water management during enhanced hydrocarbon recovery and underground storage of CO2 is a complex 
subject. Water management is crucial because of the high volume of extracted formation water (EOR operations 
average 7 bbl of water per bbl of oil in the United States [16]) and the high costs that can be encountered for its 
treatment and/or disposal. Ideally, minimization of extracted formation water through proper well design, 
installation, and maintenance would be the first consideration of any prudent water management strategy. In the 
event that formation water is extracted, the most direct form of management is reinjection into the reservoir.
However, depending on the extracted water quality, there are options for direct use and/or benefical reuse that may 
provide some economic benefit. In the end, site-specific variables will determine the appropriate water management 
strategies that can be used at a site. 
5.1. Reinjection
Currently, EPA Class II wells inject over 2 billion gallons of brine daily into saline formations and oil and gas 
reservoirs in the United States [19]. Injection minimizes the environmental impact at the surface [3] and typically 
has a significantly lower cost than other options that require treatment. The target formations for injection are 
typically DSFs, which are not otherwise suitable for drinking water. This disposal method minimizes interaction 
with, or processing of, the extracted water. In most cases, injection wells are drilled thousands of feet deep into 
target formations that are isolated from USDWs by at least one and often several confining formations such as shale 
or anhydrite. Confining formations serve as seals or barriers to the migration of fluids into or out of the target 
formations. In addition, these deep target formations must meet geologic criteria that will allow for the injection of 
fluids such as appropriate formation and fracture pressures. 
Proper well construction emphasizes isolation to prevent the migration of the water from deeper formations into 
shallower formations. In general, shallower intervals that contain USDWs are isolated from the injection reservoir 
with well casing and cement [20]. All injected water is carried by the tubing, providing further isolation from the 
surrounding environment. The permitting process allows for adjustment of this basic design, enabling the safe and 
effective installation of injection wells in a wide variety of geographic and geologic circumstances [21]. The oil and 
gas industry has practiced underground injection of produced water for decades under these regulations.
Lastly, if formation water is extracted during CO2 storage activities, reinjection of this water may also aid in the
overall reservoir management strategy. Water injection can be effectively used to control CO2 plume migration in 
the subsurface by altering the reservoir pressures in specific areas. Additionally, the agitation of water in the 
subsurface will increase the contact area of CO2 and undersaturated brine, greatly accelerating the CO2 trapping 
mechanism of dissolution [22]. Alternatively, extracted fluids may be used as an active carrier of CO2 to the storage 
formation. This is accomplished through the carbonation of water or brine at the surface followed by injection of the 
CO2-enriched water into the formation. Ordinarily, CO2 will dissolve in formation fluids over long time periods (on 
the order of centuries); however, this can be expedited on the surface by mechanically increasing the contact 
between the two phases [23]. This method minimizes the risks of CO2 migration and potentially hastens mineral-
trapping mechanisms. Effective use of similar strategies can also minimize the surface impact of any extracted
waters while maximizing the storage rate and capacity of a CO2 storage operation.
5.2. Direct use/beneficial use options
During EOR, the sale of the incremental oil helps defer the costs associated with the expenses of the operation, 
including treatment of the extracted water. In most cases, CO2 storage projects will not have the same potential for 
economic benefits available to them. However, extracted formation water can be a valuable resource in some
instances, which would provide an economic benefit that could yield more cost-effective water management 
strategies than simple disposal by reinjection. The major drivers that dictate the viability of using the extracted 
formation water are the quality of the extracted water, the quality of the water required by the targeted end use and 
the level and cost of treatment necessary to achieve the desired end use water quality [3]. It is expected that, in most 
cases, when formation water is extracted at a CCS project, it will have total dissolved solids (TDS) levels in excess 
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of 10,000 ppm. As a result, it would be necessary, at a minimum, to reduce the TDS concentrations prior to most 
candidate end uses.  When allowed by permitting authorities, there may be circumstances where CO2 storage 
associated with EOR and enhanced coalbed methane (ECBM) results in the extraction of water with TDS loads less 
than 10,000 ppm, which would increase the opportunity for beneficial use of the water.
5.2.1. Use in oil and gas operations
The recycling of oil and gas produced water for other oil and gas operations is a common practice in today’s oil 
fields, in particular those in areas where water resources are limited. These uses include water for the practice of 
waterflooding, hydraulic fracturing, and EOR. Prior to use for most processes, the produced water must go through a 
certain amount of treatment to remove suspended and dissolved hydrocarbons, solids such as clays and other fine 
particles, and treatment chemicals (if present). Also, depending on the application, salinity may need to be addressed 
[3]. In most cases, treatment will produce a waste blowdown stream that will also require disposal, such as through 
injection [24]. These water management strategies represent options for management of extracted formation water 
from CCS operations as source quality and end uses are similar.
5.2.2. Industrial use
5.2.2.1. Power plant cooling water
Power generation is the largest user of water in the United States, ranking first in total withdrawals in the year 
2005 [7]. There are several power plant processes that utilize water, both physical and chemical, many of which 
have been described in the section on water, capture, and storage. The single largest water need is process and
equipment cooling, a need that is shared by all fossil fuel-based plant operations. The quality of water required for 
cooling purposes is relatively high and variable. This variability is largely the result of the diverse combinations of 
cooling processes and equipment that are employed. In general, there are two main cooling systems: once-through 
and recirculating. Once-through systems experience high water withdrawals but consumptive use is relatively low. 
Recirculating (closed-loop) cooling systems are designed to minimize water withdrawal and utilize cooling towers 
to recycle the cooling water within the system. Many cooling towers utilize evaporation to cool the water. This 
action results in increased consumptive use over once-through systems, but overall withdrawals are less. In addition, 
recirculating systems are more sensitive to makeup water quality since the water is recycled and there is an 
opportunity for water constituents to be concentrated in the evaporative step.
The most common problems associated with poor water quality include scale formation, corrosion, and 
microbiological fouling, any of which can significantly impact the system’s efficiency or lifespan. Carbonate 
concentration is commonly monitored along with other factors such as pH, temperature, and alkalinity to help 
prevent scaling of equipment and pipelines. The presence of any scale-forming species (beyond what is typically 
found in freshwater) in water used for makeup may limit the effectiveness of common scale control technologies 
and will likely require treatment prior to use [25]. 
Corrosion is also a concern related to levels of TDS, particularly levels of chloride and sulfate. High 
concentrations of these ions can cause corrosion to the copper alloys and stainless steel that are often used in 
condenser tubing and tube sheets. Cooling water systems may be designed to utilize highly impaired waters (TDS in 
excess of 70,000 ppm) through the use of special metal alloys and scaling and corrosion control inhibitors. The 
designs of the vast majority of existing plants are much more restrictive and may be incapable of accepting water 
with TDS levels in excess of 500 ppm [26].
In summary, degraded water used for cooling has limitations on its various constituents to prevent corrosion,
scaling, or biofouling of tubing and equipment. Thus, extracted formation water will likely only be considered for 
power plant cooling if the water is of relatively good quality (i.e., low-TDS and -impurities content) or only requires
basic treatment and the source is close enough to the power plant to allow for economic transport of the water to the 
plant. Because of these restrictions, it is likely that the use of extracted waters as part of a cooling stream will be 
utilized first in regions where water resources are limited. This is also an area of current research. 
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5.2.2.2. Other industrial uses
Other industries currently use “degraded” water sources (such as gray wastewater) for a variety of uses. Some of 
these industries may benefit from the availability of extracted formation water in their regions. While some 
industrial processes require very high quality water, others have lower standards. Some industries or processes that 
may benefit from extracted water include paper and pulp production, the textile and tanning industry, certain 
chemical manufacturing processes, cement production [19], and a variety of municipal facilities that consume large 
amounts of water for washing or flushing toilets. These latter facilities include restaurants, hospitals, schools, and 
universities [3]. In all cases, feasibility studies must identify the specific requirements of each potential reuse 
process as well as the expected extracted water quality. 
5.2.3. Geothermal energy from extracted brines
New power generation technology that utilizes a hot-water heat exchanger to warm a fluid with a low vapor 
pressure (known as a binary system) has been recently introduced and commercialized by several companies [18].
This technology has greatly reduced the temperatures required to produce geothermal energy, which in some cases 
qualifies extracted water as the heat source. These systems have the potential to produce electricity from extracted 
formation water [18]. The generation and sale of this electricity could help offset the costs associated with the 
implementation of CCS technology at existing power plants and CO2 storage sites.
Typically, geothermal electricity generation requires high-temperature (>150°C) fluids that either decompress to 
high-pressure steam at surface conditions or produce a combination of water and steam that runs a turbine. A typical 
commercial geothermal well can generate between 5 and 8 MW of electricity [27].
5.2.4. Agricultural uses
Since livestock are more tolerant of water impurities, extracted water can be used as a source of drinking water 
for animals where it is of appropriate quality and availability. EPA recommends TDS in drinking water for humans 
to be less than 500 ppm, but water with TDS less than 1000 ppm is considered excellent for livestock, with levels up 
to 7000 ppm being potentially usable [16]. Metals such as cadmium, copper, molybdenum, nickel, and zinc are also 
a concern when watering animals, and the concentration of each of these constituents will need to be determined 
independently when considering its use.
Agricultural irrigation is the second largest use of freshwater in the United States, making up 31% of the 
freshwater withdrawn [7], and when it was last estimated also accounted for over 80% of water consumed annually 
[8]. Because of concerns over water scarcity as a result of the overpumping of groundwater resources (i.e., saline 
intrusion, subsidence, etc.), some states have already begun utilizing water reuse programs to provide additional 
sources of water for irrigation [19]. In some cases, extracted water may be used directly for irrigation if the salinity, 
sodicity (the amount of sodium present in a water sample, an important factor for irrigation water), and toxicity (in 
the form of trace elements, excess chlorine, and residual hydrocarbons) are below a limit that will affect the crops or 
the soil. The water quality requirements will vary according to the crop and soil type to which it is applied, and as 
such, the source of extracted water and treatment will have to be matched to its end-use application [19].
5.2.5. Surface and subsurface uses
Freshwater, or extracted formation water that has been suitably treated, can be injected into aquifers for future 
use [16]. This activity also takes advantage of the natural filtration and biodegradation that occurs in the subsurface, 
allowing for some in situ treatment. Recharge can be accomplished through three major means: surface spreading, 
vadose zone injection, or direct injection. Surface spreading utilizes traditional treatment methods, such as lagoons, 
and requires the least amount of pretreatment, while direct injection requires the injected water be compatible with 
the formation water of the aquifer, thus requiring some level of pretreatment [19].
A related use of any fresh extracted water would be surface discharge for the purpose of augmenting flow in 
stream or river systems. This could be particularly beneficial in water-stressed portions of the country where, during 
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normal or low-flow events, all available water is already allocated or, in some instances, overallocated. Under the 
Clean Water Act, all surface discharges are subject to permits issued under the National Pollutant Discharge 
Elimination System [28]. This program, as well as state and local permitting programs will ensure that water used 
for augmentation will only contain constituents that are compatible with the current surface system. This will protect 
the rights of downstream users as well as the environmental health of the system. As a result, in many instances, 
extracted water utilized for this use will require treatment.
Extracted water may also be used in coastal areas to control saline water intrusion into drinking water aquifers 
through the use of saltwater intrusion barrier wells. Wells in aquifers hydraulically connected to saline water bodies 
may become contaminated with saline water if the aquifer is overpumped [29]. This allows a saline–freshwater 
interface to move onshore, potentially impacting freshwater supplies. Coastal areas in California, Washington, 
Florida, and New York have had success controlling saline water intrusion with Class V injection wells. These wells 
inject treated wastewater into the aquifer to be protected, raising the local pressure head, which either halts the 
advancement of the saline water or pushes saline water back toward its source [29]. Since these fluids are injected 
into freshwater supplies, the fluid must be treated to meet drinking water standards subject to the regulation of the 
local permitting body [30]. Treated extracted water may provide an additional cost-effective source of water for 
these injection operations.
The potential also exists to generate potable water from extracted formation water. Several processes exist for the 
desalinization of saline waters to generate water fit for human consumption. The processes and cost to achieve this 
end use will depend on the salinity of the input water. In some instances, direct use of extracted formation water for 
human consumption may encounter both social and political barriers, independent of the technical viability of 
treatment, and may only be a viable option when the need for water exceeds that of locally available supplies.
6. Water treatment technology for extracted water
As previously noted, the level of treatment required for a given water source depends on the quality of the water 
being treated and on the water quality requirements of the proposed use of the treated water. The quality of extracted 
formation water is not only variable on a regional basis but may also vary significantly on a local basis, depending 
on the production history of a given well, the geology of the producing formation, and the type(s) of fluids
(hydrocarbon vs. nonhydrocarbon) being extracted. The addition of CO2 for EOR or ECBM recovery may also 
influence the quality of the extracted water. As such, the quality of extracted water designated for reuse needs to be 
adequately described. Furthermore, some consideration must be given to the quantity of water to be extracted, in 
particular the minimum production rate. Most treatment technologies are optimized for specific flow rates, and flow 
streams that are too high will require storage, while lower flow rates will likely result in inefficient and/or 
uneconomical treatment. Thus, minimum expected production rates should be used as a basis for determining the 
size of a given treatment process, and allowances can be made for storage of excess production.
Conventional methods of water treatment remove particulates and unwanted chemicals from wastewater through 
a variety of physical and chemical processes. Physical processes include coagulation, flocculation, sedimentation, 
thermal desalination, filtration, and active carbon adsorption. The chemical processes include ion-exchange 
softening, lime softening, and disinfection.
A variety of filtration processes are capable of removing the vast majority of constituents, both inorganic and 
organic. Reverse osmosis is perhaps the most universal of filtration processes in terms of its ability to remove a wide 
variety of constituents from water, although other forms of filtration such as microfiltration, ultrafiltration, and 
nanofiltration may be preferred, depending on the end use [5]. All forms of filtration are susceptible to fouling of the 
membrane surfaces and must be properly managed and maintained to perform at maximum efficiency. Large-scale 
reverse osmosis plants (capable of treating >100 mgd) have been built, although these large systems do not 
necessarily become cheaper with increased size [31]. Many hydrophobic organic constituents may also be removed 
through activated carbon, which preferentially absorbs these constituents from the water. Activated carbon may be 
incorporated as a filter bed or added to the treatment stream as a granulated powder and later removed through 
filtration [32]. Activated carbon absorption also requires occasional regeneration or replacement of the activated 
carbon.
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Another common treatment for saline water is thermal desalination. Thermal desalinization is most commonly 
practiced in areas with abundant fossil fuels to capitalize on the cogeneration of power and water, such as in the 
Middle East. As a general rule, thermal technologies are generally not cost-effective for low-TDS waters, i.e., water 
with less than 10,000 ppm of TDS.  In fact, the vast majority of these applications use seawater as the feed source, 
which typically has a TDS concentration of 35,000 ppm TDS.. The most common thermal technology is multistage 
flash distillation, which employs thermal heating and reduced pressure zones to flash liquid water to vapor in a 
series of sequential stages. This process is commonly coupled with power generation or oil- and gas-processing 
facilities to make use of their waste heat and is capable of treating millions of gallons of water a day.
A variant of thermal desalinization is mechanical vapor recompression (MVR). The MVR system includes a 
boiler, multiple heat exchangers, and a vapor compressor. MVR is a very efficient water recovery process that 
extracts heat from the compressed vapor and transfers it to the liquid in the boiler. MVR requires compression, 
which increases the pressure of the extracted steam. Since the pressure increase of the steam also generates an 
increase in the steam temperature, the steam can be used as a heat source for the remaining distillate. This cycle can 
be repeated many times, making the evaporation method very energy efficient. Potentially, this system may only use 
the equivalent of 1/30th to 1/40th of the energy typically required to evaporate water by simple evaporation.
7. Summary and conclusions
CCS can be achieved using a number of different technologies and has the ability to reduce anthropogenic CO2
emissions entering the atmosphere. A number of water-related opportunities and challenges are associated with 
these technologies. The majority of the challenges are associated with the availability of the quantity and quality of 
additional water necessary for these processes, in particular carbon capture processes. The availability of said water 
will vary substantially by region and thus will need to be managed appropriately. Treatment technologies and water 
management strategies exist that can be brought to bear upon these water supply challenges. However, the technical 
and economic viability of many water treatment and management strategies will vary significantly from basin to 
basin depending on the value of locally available water resources and alternatives. 
Opportunities exist for the development of additional water resources through the use of active reservoir 
management. This practice of managing storage formations by extracting formation water has the potential to 
directly reduce costs to the storage operator through the realization of increased storage capacity, reduce the area of 
cap rock exposure (thus reducing the ground surface area that requires monitoring), as well as generate a water 
resource that may be sold to end users. Again, site-specific viables will determine the impact of each of these factors 
and determine if extraction of formation water is possible or necessary and if resale of extracted water is 
economically feasible. 
The WWG is working to frame these and other water-related issues, provide the most likely strategies for 
addressing these issues, and facilitate or expedite the DOE research necessary for providing creative solutions to 
these problems. To this end, the WWG has developed a series of fact sheets, posters, and presentations which 
describe various water and CCS nexus issues. In particular, the fact sheets are designed to disseminate this 
information with the broader research, regulatory, and industry communities. These documents are available upon 
request. The WWG is also currently developing a Web site to help with distribution of these and related materials. 
For further information on the WWG, please contact Ryan Klapperich, the lead author of this paper, by e-mail at 
rklapperich@undeerc.org. 
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